Abstract. Plasmodium falciparum transmission blocking immunity (TBI) was investigated in 3 different endemic areas. Reared Anopheles gambiae s.s. were experimentally infected with the blood of gametocyte carriers, either in the presence of autologous plasma (OWN) or after replacement of the OWN plasma with a nonimmune serum of AB blood group (control). Transmission reduction was defined by a lower level of mosquito infection in the OWN batch compared with the control. After controlling for the effect of gametocytemia, the proportion of "transmission reducers" was lower in the town of Yaounde in Cameroon (UC), (14%, N ‫ס‬ 75) than in the two rural areas of South Cameroon (RC) (29%, N ‫ס‬ 31) and Séné gal (RS) (44%, N ‫ס‬ 32). The contribution of TBI relative to the total inhibition of the parasite development (including human, parasite, and mosquito factors) was higher in RS (49.6%) than in RC (12.6%) and UC (9.5%).
INTRODUCTION
Transmission blocking immunity (TBI) is a specific immunity acquired in humans, which reduces the infectivity of Plasmodium to mosquito. 1 Immune factors, ingested with the blood meal, inhibit or block the development of the free sexual stages: gamete, zygote, and ookinete, which have common antigens with gametocytes. 2, 3 The level of naturally acquired TBI can be estimated by the proportion of transmission-reducing sera in human population. 4 The titer of specific and functional antibodies against sexual stages does not seem to be a reliable indicator of TBI in Africa. 5 Alternatively, two other biological tests are available. These include the standard membrane feeding assay (SMFA) 6 and the direct membrane feeding assay (DMFA). 7 These tests are based on the comparison of infection in mosquitoes, fed with gametocytes and either i) a test immune serum (batch OWN) or ii) a nonimmune control serum (batch AB). An inhibiting serum is defined by a significant reduction of mosquito infection in the OWN batch compared with the AB one. The SMFA is commonly performed using cultured gametocytes of Plasmodium falciparum. Whereas this method is considered a gold standard, it is expensive and labor intensive. In the DMFA, the blood of gametocyte carriers is used as a source of infectious parasites, and the test can be carried out in the field on larger samples of individuals. 8, 9 Few attempts have been made to evaluate the impact of natural TBI under field conditions. [7] [8] [9] [10] [11] [12] [13] In spite of a large variety of applied methods and indicators, data suggest that transmission reduction due to host immune factors is probably different from one area to another. In addition, a relationship was observed between the level of TBI and gametocytemia. 8 Taking into considerations these different observations, a hypothesis was formulated. In a hyperendemic area with permanent transmission, protective immunity against asexual parasites is quickly acquired. Parasite density and malaria morbidity are generally low in the population, and consequently, high densities of gametocytes are rare. Because this parasite stage is the main stimulus of TBI, a low level of natural TBI should be observed under high transmission intensity. On the contrary, an opposite situation is expected in a hypoendemic area with a short period of malaria transmission.
To verify this hypothesis, the levels of TBI were evaluated in two hyper-and hypoendemic areas of South Cameroon with permanent transmission and in a hypoendemic zone of Séné gal with a short transmission period.
MATERIALS AND METHODS

Study areas.
The study was carried out in Thies (Séné gal), a sahel area in the North of Dakar. The climate is characterized by a short rainy season from July to October and a long dry season from November to June. Malaria transmission was previously described by Robert et al. 14 in the bordering zone of Niakhar. Briefly, Anopheles arabiensis is the main vector. ). Malaria is hypoendemic in this area, although it can be mesoendemic in a few villages with temporary ponds in clayey hollows.
Two other study locations were also chosen in South Cameroon, including an urban district of Yaounde and the forest rural area of Mengang, situated 90 km southeast of Yaounde. The climate is typically tropical with two rainy seasons from April to May and from July to October. Transmission is permanent in the two areas. Briefly, Anopheles gambiae, Anopheles funestus, and Anopheles nili are the main vectors. Malaria is hyperendemic in the rural zone of Mengang, 15 with an EIR ranging from 18 to 180 ib m −1 yr −1
. 16 On the contrary, malaria is hypoendemic in the urban area of Yaounde, with an EIR from 3 to 13 ib m −1 yr −1 depending on local environmental conditions.
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Estimation of prevalences and gametocyte density. At each rural area of Cameroon and Séné gal, P. falciparum gametocyte carriers were detected by cross-sectional surveys in villages and schools. In the urban area of Yaounde, gametocyte-positive patients attending the district health center were sampled. Fingerprick blood was taken from each volunteer individual present on the day of the survey. The thick blood smears were stained with 10% Giemsa and examined microscopically with (100×) oil immersion lens for the presence of sexual and asexual parasites. The results were expressed by a semiquantitative estimation as follows:
• Class 0: no parasite per 800 white blood cells (WBC).
• Class 1: less than one parasite per microscopic field.
• Class 2: one or more parasites per microscopic field.
Species infection-rates, P. falciparum gametocyte prevalence, and the proportion of high densities of asexual (class 2) or sexual parasites (>2 gametocytes per 800 WBC) were recorded in the two rural areas where the surveys were carried out on large samples of the total population. These estimations were not possible in Yaounde, where the sample of outpatients was not representative of the total population. Both symptomatic and asymptomatic individuals with only high asexual densities (class 2) were treated with sulfadoxinepyrimethamine.
Inclusion of gametocyte carriers. Two inclusion criteria of gametocyte carriers were defined: 1) age over 4 years and 2) more than 20 P. falciparum gametocytes/mm 3 of blood. This high gametocyte density was included to obtain significant levels of mosquito infection after artificial feeding. At the end of the study, an impregnated bed net was given to the participating individuals as a compensation. Informed consent was obtained from all adult participants and from parents or legal guardians of minors. This study was approved by the National Ethical Committees of Cameroon and Sé né gal.
Direct membrane feeding assay. At each study site, a Cameroonian strain of A. gambiae s.s. was used as mosquito vector. It was previously adapted to feed on Parafilm membrane feeders. 18 The DMFA was previously described by Mulder and others. 7 Briefly, 4 mL of blood was drawn from the gametocyte carriers in a heparinized Vacutainer tube. All manipulations were carried out at 37°C to reduce gametocyte activation.
• A control batch (IM) of 1 mL blood was immediately fed without preparation, to 3-day-old female mosquitoes, through a warm water jacketed membrane feeder, for 15 minutes.
• Two aliquots of 1 mL blood each were centrifuged 5 minutes at 700 × g. In the first sample, the cell pellet was resuspended in autologous plasma (OWN), while in the second sample, the plasma was removed and replaced by 0.5 mL of nonimmune serum (AB). The two manipulated blood samples were separately given to 3-day-old mosquitoes.
Unfed and partially fed Anopheles were removed, and the others were kept at the insectary on a 10% sucrose diet. Seven days later, the midguts of the surviving mosquitoes were dissected and stained with 3% mercurochrome in PBS to facilitate the examination of mature oocysts by light microscope (40× lens).
Determination of TBI. Experiments were analyzed when 3 criteria were met.
1. At least one oocyst per positive midgut observed in the AB batch, as a control for gametocyte infectiousness after blood preparation. This criteria attested that any absence of oocyst in the pair-matched OWN batch was due to host plasma factors. 2. A minimum of 20 mosquitoes dissected in each batch, to obtain a good sensitivity of the comparison between OWN and AB infection rates (IRs). 3. Comparability of IRs in the OWN and IM batches. This comparison estimated the role of gametocyte activation, generated by blood manipulation, on infectiousness of sexual stages. A significant difference between IRs (P < 0.01) was imputed to a methodological bias, and the experiment was discarded.
Three indicators of natural TBI were defined:
• The proportion of reducers. Plasma from a gametocyte carrier was defined as reducing if IR OWN was significantly lower than IR AB (P < 0.01). Only large differences between OWN and AB batches were expected to be reproducible. The mean oocyst density in the infected mosquitoes was not taken into account because it was generally low in DMFA conditions and IR was considered to be more comparable.
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• The intensity of TBI, or the difference (IR AB − IR OWN ).
• The contribution of TBI to total inhibition (TBI/TI). The proportion of infected mosquitoes after feeding with autologous plasma (OWN) was a consequence of human, mosquito, and parasite inhibiting factors, 20, 21 and thus the proportion of noninfected mosquitoes (100 -IR OWN ) was a reflection of this total inhibition (TI). In the same way, mosquito infection with the control serum (AB) was a consequence of only mosquito and parasite factors, and (100 − IR AB ) was a reflection of nonhuman inhibiting factors named transmission blocking activity (TBA). Thus, the relative contribution of TBI to TI was defined by the ratio (IR AB -IR OWN )/(100 -IR OWN ). Estimation of the mosquito susceptibility to different geographical strains of P. falciparum. The same strain of A. gambiae (s.s., F cytotype), originating from a breeding place in a peripheral district of Yaounde, was used in all experimental infections. Vector susceptibility to indigenous or exogenous parasite isolates could be different and had to be taken into account for comparisons of transmission reduction between the three areas. Thus, an indicator was proposed. The theoretical infectiousness of 1 gametocyte was calculated in the AB batches, as the ratio of the percentage of infected mosquitoes and the corresponding gametocyte density, 22 to control for the variations of gametocyte densities and to test the innate susceptibility to local parasites at each site.
Statistical analysis. Statgraphics 5.0 and Epi-Info software were used for all statistical analyses. In the 1-variable analysis, simple 2 test was applied for the comparison of proportions, 2 test for trends was used for exposure categories that had a natural order (classes of age or gametocyte density), and the Mann-Whitney or Kruskall-Wallis tests were applied for the comparisons of continuous variables, which were not normally distributed (age, gametocyte density, IRs, TBI, and TBI/TI). Correlations between non-Gaussian variables were determined by Spearman's correlation coefficient. In the multifactor analysis, comparisons between the levels of TBI in the three areas were performed, taking into account gametocyte density as confounding factor. Multifactor ANOVA was applied for quantitative variables (TBI intensity and TBI/TI), after log transformation to equalize the variances. Logistic regression models and the 2 test of Mantel and Haenszel were used with the proportions of reducers.
RESULTS
Epidemiologic situation of malaria.
A total of 7,447 and 4,064 thick blood films were performed in the rural areas of Cameroon and Sé né gal, respectively. Most of the parasite indices were higher in Cameroon (Table 1) . However, the proportion of high gametocyte densities (> 40 gametocytes/ mm 3 ) was about 3 times lower in Cameroon (1.0%) than in Sé né gal (2.8%).
Observations on gametocyte infectiousness and TBI. One hundred thirty-eight experiments were included, of which 32 came from Sé né gal, 31 from rural Cameroon, and 75 from Yaounde. The median of gametocyte density was higher in Sé né gal than in the two areas of Cameroon. The median of infection rate in the IM batch (IR IM ) and the median of oocyst density had the same level in the three areas (Table 2) . IR IM seemed to be very low compared with gametocyte densities. The susceptibility of A. gambiae was four times higher in the rural area of Cameroon than in Sé né gal and Yaounde, suggesting that there is a significant influence of parasite isolates on susceptibility of the reared strain of A. gambiae. The TBI indicators, namely the proportion of reducers, TBI intensity, and the contribution of TBI to total inhibition (TBI/ TI), were significantly higher in Sé né gal than in the two areas of Cameroon (Table 2 ). However, this observation was probably confounded by the differences in gametocyte density, age, and susceptibility between the three samples.
Relationships between TBI and gametocytemia or age. Because age and gametocyte density could influence the level of TBI, 13, 23 we analyzed the relationship between these factors and the different indicators of TBI. There was no association between the proportion of reducers, the mean value of TBI intensity or TBI/TI, and the different age groups (Table 3) . On the contrary, the three indicators of TBI were increasing with gametocyte density (Table 3) , especially the proportion of reducers ( 2 of trends ‫ס‬ 6.67, P ‫ס‬ 0.009). The relative risk of being reducer was about 4 times higher for gametocyte densities of more than 200 gametocytes/mm 3 , with regard to the first class of gametocyte density (20-60 gametocytes/ mm 3 ). In addition, there was a positive correlation between gametocyte density and the intensity of TBI (Spearman coefficient ‫ס‬ 0.27, P ‫ס‬ 0.001) or TBI/TI (Spearman coefficient ‫ס‬ 0.34, P ‫ס‬ 0.0001). Thus, gametocyte density was a confounding factor for TBI analysis. Multifactor analysis of the TBI levels in the three areas. The comparisons of TBI intensity and TBI/TI, in relation to area and gametocyte density, were performed by multifactor ANOVA. These two indicators were significantly different in the three areas, after removing the effect of gametocytemia. The multiple range test analysis showed that TBI was the lowest in Yaounde, and there was no significant difference between the rural zones of Cameroon and Sé né gal ( Table 4) .
The logistic regression was used to assess the association of the percentages of reducers in relation to area and classes of gametocytemia (20-60, 61-0, 201-500, and > 500 gametocytes/ mm 3 ). There was a significant relationship between the percentage of reducers and gametocyte density. The 95% confidence interval of the odds ratio showed that the percentage of reducers was significantly lower in the first class (20-60 gametocytes/mm 3 ) than in the reference class (> 500 gametocytes/mm 3 ). This test showed also a relationship between transmission reduction and area. The Mantel and Haenszel test allowed us to compare two by two the different areas. The proportion of reducers was the lowest in Yaounde and was not significantly different between the rural areas of Cameroon and Sé né gal (Table 5 ).
DISCUSSION
A comparison of different indicators of natural transmission blocking immunity (TBI) was performed among selected residents in three endemic areas with different dynamics and levels of malaria transmission. TBI was estimated by direct membrane feeding assay (DMFA), using gametocyte positive blood samples, with or without replacement of plasma derived from gametocyte carriers.
Multifactor analysis, linking the variation of TBI in relation to the different areas at a constant level of gametocytemia, showed that TBI was finally the lowest in Yaounde, and there was no difference between the two rural areas of Cameroon and Sé né gal. Our data did not support the initial assumption, which expected higher TBI in hypoendemic area with seasonal transmission. However, in this study, TBI has been influenced either by difference in vector susceptibility or by the gametocyte quantity or quality. For example, the prevalence of high gametocyte densities (> 40 gametocytes/mm 3 ) was three times higher in Sé né gal than in Cameroon, while the susceptibility of the reared vector was four times lower. These two observations had opposed effects on TBI, and this could explain the paradoxical absence of difference between the two rural areas. In addition, gametocyte carriers with high densities of sexual stages were enrolled. Because sexual parasites are probably the main stimulus of transmission blocking immunity, natural TBI was expected to be at its highest level and differences between areas, especially between the Cameroonian and Sé né galese rural areas, could be hidden.
However, it was difficult to justify why the potential impact of TBI on mosquito infection was relatively low in the urban area of Yaounde. This observation could be explained by the widespread use of sulfadoxine-pyrimethamine (SP) to compensate for the low efficacy of chloroquine. This drug association has previously been associated with suppression of the sporogonic development of Plasmodium. [24] [25] [26] Thus, comparisons between IR OWN and IR AB in the urban area had probably lacked sensitivity. Sulfadoxine-pyrimethamine could also explain the apparent low susceptibility of the local strain of A. gambiae to the local strains of P. falciparum in Yaounde.
Another unexpected observation was the absence of relationship between age and the level of TBI. The antibody response against a large range of parasite antigens usually increases with malaria experience and age. The immune response to sexual antigens is apparently an exception. This might be explained by the short life-span of natural P. falciparum TBI, as it was observed in P. vivax infection. 27 In addition, the difference in TBI levels between different age groups was not detected probably because gametocyte carriers were selected on the basis of high densities of sexual stages and probably high levels of TBI in each age group.
With regard to the comparison of different epidemiologic situations, the most interesting parameter is the proportion of infectious individuals to mosquitoes, who exhibit effective TBI. A recent report by Bonnet and others 28 showed that about 8% of the population was infectious to mosquitoes, in two villages of the rural area in Cameroon. On another hand, we observed that about 30% of the gametocyte carriers with more than 20 gametocytes per cubic milliliter had effective TBI according to our restrictive definition. Thus, the proportion of infectious individuals with effective TBI, estimated by the product (8% × 30%), seemed very low, as only 2.4% of the individuals could reduce malaria transmission in this area. Children less than 5 years of age were discarded in the two studies for ethical reasons. Thus, the proportion of reducers was probably underestimated, because a significant part of malaria transmission may arise from young children. 22, 29, 30 However, it is possible that the proportion of reducers was also biased because the sample of gametocyte carriers we selected in this study had high densities of sexual stages and was not representative of the population of infectious individuals.
In conclusion, the key finding of this study is that variation of TBI is related to gametocyte density. On the basis of our observations, it can be envisaged that TB-interventions will show the strongest impact in areas with low and seasonal transmission. However, it is more opportune to use a different approach, on a representative sample of infectious individuals, regardless of their parasite status. In those conditions, another kind of DMFA will have to be performed in the field. This other test was previously described and used in Sri Lanka. 9 An interesting and new challenge is offered to malaria researchers in the field. 
